T HE proportion of older adults in the United States is growing and expected to double to approximately 20% by the year 2030 (1). With the growth of the older population comes a parallel expectation of growth in the burden of age-related physical disability. Limitations in physical function as assessed by objective physical performance tests strongly predict future physical disability, nursing home admission, and mortality in older adults (2-4). Identifying risk factors that prevent or delay the onset of physical disability is thus a high public health priority.
T HE proportion of older adults in the United States is growing and expected to double to approximately 20% by the year 2030 (1) . With the growth of the older population comes a parallel expectation of growth in the burden of age-related physical disability. Limitations in physical function as assessed by objective physical performance tests strongly predict future physical disability, nursing home admission, and mortality in older adults (2) (3) (4) . Identifying risk factors that prevent or delay the onset of physical disability is thus a high public health priority.
Low 25-hydroxyvitamin D (25[OH]D) is common in older adults with wide variability in prevalence depending on geographic location, season, and the cut-points used to define deficiency (5) . In the National Health and Nutrition Examination Survey 2000 Survey -2004 , approximately 30% of adults aged 70 years and older were vitamin D deficient (25[OH] D <20 ng/mL; to convert to nmol/L, multiply by 2.496) (6) . Older adults are at risk for low 25(OH)D because of reduced exposure to ultraviolet B radiation, reduced efficiency of pre-vitamin D synthesis in the skin, and inadequate dietary intake of vitamin D (5, 7) . In the past two decades, it has become evident that the role of vitamin D extends beyond calcium homeostasis and musculoskeletal health. Low 25(OH)D has been associated with many comorbid conditions, including cardiovascular disease, diabetes, hypertension, and osteoarthritis (8) , conditions that are also directly related to the development of limitations in physical function (9) .
The evidence from cross-sectional studies indicating that 25(OH)D is associated with physical performance is relatively consistent (10) (11) (12) (13) (14) (15) . However, the few longitudinal studies are inconsistent, showing either no association or a greater decline in physical performance among those with low 25(OH)D at baseline (16) (17) (18) (19) (20) . Furthermore, how change in 25(OH)D over time affects physical performance in older adults has not been previously reported. Low 25(OH)D may also indirectly affect physical performance via hyperparathyroidism secondary to vitamin D deficiency (5) . However, parathyroid hormone (PTH) may be important for maintaining muscle integrity and physical function independent of 25(OH)D (13, 15, 21) .
The primary objective of these analyses was to examine the association between 25(OH)D, as well as change in 25(OH)D, and physical performance using data from the Lifestyle Interventions and Independence for Elders Pilot (LIFE-P). The association between PTH and physical performance and the role of PTH as a potential mediator in the association between 25(OH)D and physical performance was also examined.
Methods

Study Population
Data for this analysis are from LIFE-P, a single-blind, multicenter, randomized controlled trial in which older adults at risk for disability were assigned to either a walking-based physical activity program or a successful aging health information and education program for 12 months (ClinicalTrials.gov Identifier: NCT00116194). LIFE-P enrolled 424 community-dwelling men and women aged 70-89 years between May 2004 and February 2005. Participants were recruited from four communities: Pittsburgh, PA; Winston-Salem, NC; Dallas, TX; and Palo Alto, CA. Participants were eligible if they were at risk for disability (defined as having a short physical performance battery [SPPB] score of <10), were sedentary (<20 minutes of exercise each week for the past month), and able to complete a 400-m walk within 15 minutes. Complete details on the study design and inclusion and exclusion criteria can be found elsewhere (22, 23) . All participants provided written informed consent and all protocols were approved by the institutional review boards at all field centers. These analyses were conducted in 368 participants with available blood samples at study baseline. Participants were evaluated at baseline and at 6 and 12 months postrandomization.
Physical Performance
The SPPB was administered to summarize lower extremity physical performance (2) . The SPPB consists of progressively more challenging standing balance tasks held for 10 seconds each, time to complete five repeated chair stands, and the faster of two 4-m walks to assess usual gait speed. Each of the three performance measures was assigned a score ranging from 0 to 4, with 0 representing inability to do the test and 4 representing the highest level of performance. The three measures were summed to create an SPPB summary score ranging from 0 (worst) to 12 (best). The SPPB was completed by 368 participants at baseline, 351 at 6-month, and 346 at 12-month follow-up. Because of eligibility criteria, the maximum SPPB score at baseline was 9.
Walking endurance was measured by a 400-m walk test. The course was 20 m long marked by cones at each end. Participants were instructed to walk 10 laps at their usual pace, and the time to complete the 400-m walk was recorded. Participants were allowed to stop and rest if necessary but were not allowed to sit or use an assistive device (including a cane) or the help of another person. The test was stopped if the participant was unable to complete the walk in 15 minutes. The 400-m walk test was completed by 368 participants at baseline, 325 at 6-month, and 311 at 12-month follow-up.
25-Hydroxyvitamin D and PTH
Fasting blood samples were collected in the morning after a 12-hour fast, centrifuged, and stored at −80°C. Plasma 25(OH)D was measured at baseline (n = 368), 6-month (n = 315), and 12-month follow-up (n = 307) by radioimmunoassay (RIA kit; DiaSorin, Stillwater, MN). Intact PTH was measured at baseline (n = 368) in EDTA plasma with a two-site immunoradiometric assay kit (N-tact PTHSP; DiaSorin, Stillwater, MN). The interassay coefficient of variation for 25(OH)D was 5.0 ± 3.6% and for PTH was 4.1 ± 3.0%.
Potential Confounders
Covariates included sociodemographic variables (age, gender, race, field center, and education), smoking, body mass index (weight in kilograms/height in meters squared), physical activity (moderate physical activity calculated from the Community Healthy Activities Model Program for Seniors questionnaire), cognition (Mini-Mental State Examination score), and depression (Center for Epidemiologic Studies Depression scale). Adjudicated disease diagnoses were based on self-reported history and included the following conditions: cardiovascular disease (myocardial infarction, congestive heart failure, and stroke), hypertension, diabetes, and arthritis. Season of the year was included as a categorical variable to account for seasonal effects on 25(OH)D and PTH. Randomization arm (physical activity vs successful aging), study visit, and a randomization arm by study visit interaction term were included to account for the effects of the intervention on physical performance over time.
Statistical Analyses
All analyses were performed using SAS software, version 9.2 (SAS Institute, Cary, NC) with a two-sided alpha level of .05 to indicate statistical significance. 25(OH)D status was categorized as 25(OH)D less than 20 ng/mL and greater than or equal to 20 ng/mL, a common cut-point used to define vitamin D deficiency (8) . PTH was examined both as a continuous variable (transformed using the natural logarithm) and categorized into tertiles with the lower two tertiles combined (<42.6 vs ≥42.6 pg/mL). Differences in participant characteristics at baseline by 25(OH)D status were compared by chi-square analysis for categorical variables and by two-sample t tests for continuous variables. Mixed models were used to calculate the intraclass correlation for continuous log 25(OH)D using data from all three visits. A statistical method for simultaneously modeling cross-sectional and longitudinal effects was used to model 25(OH)D status and physical performance (24) . Mixed models with a random subject (intercept) effect were used to examine the associations between baseline 25(OH)D status, PTH, and their interaction and physical performance. All models were adjusted for age, gender, race, field center, season, education, study visit, randomization arm, randomization arm by study visit interaction, body mass index, and physical activity. Season by field center interactions and 25(OH)D status by randomization arm interactions were tested but were not significant.
Results
The mean age of the study sample was 76.7 years, 68% were women, and 76% were white. Participants who were excluded from this analysis due to a lack of blood samples at study baseline (n = 56) were similar to the study sample with regard to age, gender, and race and had similar baseline SPPB scores but slower 400-m walk speed (0. Table 1 . The prevalence of vitamin D deficiency was higher among blacks (78.3%) than non-blacks (43.5%). Vitamin D-deficient participants also had a higher body mass index. 
Discussion
This study shows that vitamin D deficiency (25[OH]D < 20 ng/mL) is common and is associated with worse physical performance, a strong predictor of future disability, in older community-dwelling men and women at risk for disability. Vitamin D deficiency was associated with significantly lower SPPB scores and slower 400-m walk speed after adjusting for demographics, intervention group, season, body mass index, and physical activity. Furthermore, individuals who were vitamin D deficient at baseline but not at follow-up had a significant and clinically meaningful improvement in SPPB scores (>0.5 points) at follow-up.
The association between 25(OH)D and physical performance is relatively consistent in cross-sectional studies (10) (11) (12) (13) (14) (15) . However, data from the few longitudinal studies which examined baseline 25(OH)D and change in physical performance are inconsistent, showing either no association between 25(OH)D and physical performance (18) (19) (20) or a greater decline in physical performance among those with low 25(OH)D (16, 17) . The discrepancies among these studies may stem from substantial variation in the measurement of 25(OH)D because of different assay methodology (25, 26) , as well as differences in the study population characteristics and 25(OH)D cut-points used. In the current study, we found that vitamin D deficiency was associated with poor physical performance in cross-sectional analyses but was not associated with greater declines in physical performance over 12 months. However, improvements in 25(OH)D from vitamin D deficient at baseline to nondeficient at follow-up were associated with significant improvements in physical performance over 12 months of follow-up.
Interventions to improve physical function in older adults have primarily focused on resistance exercise and increasing physical activity. Randomized controlled trials show that physical activity interventions, both resistance and endurance exercise, improve a variety of physical performance measures in older adults (27, 28) . Whether or not improving 25(OH)D, which can be done inexpensively and safely with vitamin D supplementation, will improve physical performance and delay the onset of disability in older adults has not been determined definitively. However, we found that improvement in 25(OH)D from vitamin D deficient at baseline to nondeficient at follow-up was associated with significant improvements in SPPB scores; an improvement that was similar to that of the LIFE-P physical activity intervention at 12-month follow-up (0.6 points) (28) . Based on work by Perera and colleagues (29) demonstrating that a change of 0.5 points on the SPPB represents a clinically meaningful change, the improvement in SPPB among those whose 25(OH)D increased from deficient to nondeficient represents a clinically significant improvement.
Randomized controlled trials of vitamin D supplementation have shown mixed effects on physical performance among older adults (30, 31) 25(OH)D plays an important role in muscle function through its regulation of calcium transport, uptake of inorganic phosphate for the production of energy-rich phosphate compounds, and protein synthesis in the muscle (35) . Vitamin D deficiency is also a recognized cause of secondary hyperparathyroidism. In animal models, administration of PTH increases protein catabolism and decreases the number of type 2 muscle fibers, intracellular energy-rich phosphate compounds, and mitochondrial oxygen uptake (5, 35) . Previous observational studies have shown an association between PTH and physical performance (13, 15, 21) . However, in the current study, PTH was associated with 400-m walk speed at baseline only.
There are important characteristics of LIFE-P that limit the generalization of these findings. First, participants were recruited to be at risk of disability; thus, these results may not be generalizable to the general population. Second, the analyses were conducted in the context of a randomized controlled trial of a walking-based physical activity intervention. However, all analyses were adjusted for randomization arm and a randomization arm by study visit interaction term. Furthermore, there was not a significant Because participants were not recruited throughout the year, we cannot rule out residual confounding by season; however, results were similar when only baseline and 12-month 25(OH)D status were used. Finally, the observational design of our study does not allow us to evaluate a causal association between 25(OH)D and physical performance. Although it is biologically plausible that low 25(OH)D may result in poor physical performance, it is also possible that those with poor physical performance had less exposure to ultraviolet B rays resulting in low 25(OH)D. A major strength of the current study is that both 25(OH)D and physical performance were collected at baseline, 6-month, and 12-month follow-up allowing an examination of the association between change in 25(OH)D and change in physical performance.
In conclusion, vitamin D deficiency was common and was associated with poor physical performance among community-dwelling older men and women at risk for disability. Physical performance also improved significantly at follow-up among individuals who were vitamin D deficient at baseline but no longer deficient at follow-up. Thus, attaining 25(OH)D levels of 20 ng/mL or greater may slow the decline in physical performance in older adults and, ultimately, delay the onset of disability. These results along with other recent findings showing the importance of 25(OH)D on multiple health outcomes underscore the need for definitive trials of vitamin D supplementation on physical performance and disability as well as other health outcomes among older adults. 
